Isoprene emitted by vegetation is an important precursor of secondary organic aerosol 22 (SOA), but the mechanism and yields are uncertain. Aerosol is prevailingly aqueous under the 23 humid conditions typical of isoprene-emitting regions. Here we develop an aqueous-phase 24 mechanism for isoprene SOA formation coupled to a detailed gas-phase isoprene oxidation 25 scheme. The mechanism is based on aerosol reactive uptake probabilities (γ) for water-soluble 26 isoprene oxidation products, including sensitivity to aerosol acidity and nucleophile 27 concentrations. We apply this mechanism to simulation of aircraft (SEAC 4 RS) and ground-based 28 (SOAS) observations over the Southeast US in summer 2013 using the GEOS-Chem chemical 29 transport model. Emissions of nitrogen oxides (NO x ≡ NO + NO 2 ) over the Southeast US are 30 such that the peroxy radicals produced from isoprene oxidation (ISOPO 2 ) react significantly with 31 both NO (high-NO x pathway) and HO 2 (low-NO x pathway), leading to different suites of 32 isoprene SOA precursors. We find a mean OA mass yield of 3.3 % from isoprene oxidation, 33 consistent with the observed relationship of OA and formaldehyde (a product of isoprene 34 oxidation). The yield is mainly contributed by two immediate gas-phase precursors, isoprene 35 epoxydiols (IEPOX, 58% of isoprene SOA) from the low-NO x pathway and glyoxal (28%) from 36 both low-and high-NO x pathways. This speciation is consistent with observations of IEPOX 37 SOA from SOAS and SEAC 4 RS. Observations show a strong relationship between IEPOX SOA 38 and sulfate aerosol that we explain as due to the indirect effect of sulfate on aerosol acidity and 39 volume, rather than a direct mechanistic role for sulfate. Isoprene SOA concentrations increase 40
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Introduction 52
Isoprene emitted by vegetation is a major source of secondary organic aerosol (SOA) 53 (Carlton et al., 2009 and references therein) with effects on human health, visibility, and climate. 54
There is large uncertainty in the yield and composition of isoprene SOA (Scott et al., 2014 ; 55
McNeill et al., 2014), involving a cascade of species produced in the gas-phase oxidation of 56 isoprene and their interaction with pre-existing aerosol (Hallquist et al., 2009 ). We develop here 57 a new aqueous-phase mechanism for isoprene SOA formation coupled to gas-phase chemistry, 58 implement it in the GEOS-Chem chemical transport model (CTM) to simulate observations in 59 the Southeast US, and from there derive new constraints on isoprene SOA yields and the 60 contributing pathways. 61
Organic aerosol is ubiquitous in the atmosphere, often dominating fine aerosol mass 62 formation. Reaction pathways leading to isoprene SOA precursors are described below. Yields 128 are in mass percent, unless stated otherwise. Reactive ISOPO 2 isomers formed in the first OH 129 oxidation step react with NO, the hydroperoxyl radical (HO 2 ), other peroxy radicals (RO 2 ), or 130 undergo isomerization (Peeters et al., 2009 ). The NO reaction pathway (high-NO x pathway) 131 yields C 5 hydroxy carbonyls, methyl vinyl ketone, methacrolein, and first-generation isoprene 132 nitrates (ISOPN). The first three products go on to produce glyoxal and methylglyoxal, which 133 serve as SOA precursors. The overall yield of glyoxal from the high-NO x pathway is 7 mol %. 134
Oxidation of ISOPN by OH and O 3 is as described by Lee et al. (2014) . Reaction of ISOPN with 135 OH produces saturated dihydroxy dinitrates (DHDN), 21 and 27 mol % from the beta and delta 136 channels respectively (Lee et al., 2014) , and 10 mol % isoprene epoxydiols (IEPOX) from each 137 channel (Jacobs et al., 2014) . We also adopt the mechanism of Lin et al. (2013) to generate C 4 138 hydroxyepoxides (methacrylic acid epoxide and hydroxymethylmethyl-α-lactone, both denoted 139 MEPOX) from OH oxidation of a peroxyacylnitrate formed when methacrolein reacts with OH 140 followed by NO 2 . Only hydroxymethylmethyl-α-lactone is shown in Fig. 2 . 141
The HO 2 reaction pathway for ISOPO 2 leads to formation of hydroxyhydroperoxides 142 (ISOPOOH) that are oxidized to IEPOX (Paulot et al., 2009b) and several low-volatility 143 products, represented here as C 5 -LVOC (Krechmer et al., 2015 GEOS-Chem we apply the fast kinetics of Jacobs et al. (2013) and reduce the yield of IEPOX 147 from ISOPOOH from 100 to 75%, within the range observed by St. Clair et al. (2015) , to address 148 a factor of 4 overestimate in simulated IEPOX (Nguyen et al., 2015a) . IEPOX oxidizes to form 149 glyoxal and methylglyoxal (Bates et al., 2014). The overall glyoxal yield from the ISOPO 2 + 150 HO 2 pathway is 6 mol %. Krechmer et al. (2015) report a 2.5 mol % yield of C 5 -LVOC from 151 ISOPOOH but we reduce this to 0.5 mol % to reproduce surface observations of the 152 corresponding aerosol products (Section 4). Methyl vinyl ketone and methacrolein yields from 153 the ISOPO 2 + HO 2 pathway are 2.5 and 3.8 mol %, respectively (Liu et al., 2013) , sufficiently 154 low that they do not lead to significant SOA formation. 155
Minor channels for ISOPO 2 are isomerization and reaction with RO 2 . Isomerization 156 forms hydroperoxyaldehydes (HPALD) that go on to photolyze, but products are uncertain 157 . We assume 25 mol % yield each of glyoxal and methylglyoxal from 158 HPALD photolysis in GEOS-Chem following Stavrakou et al. (2010) . Reaction of ISOPO 2 with 159 RO 2 leads to the same suite of C 4 -C 5 carbonyls as reaction with NO (C 5 hydroxy carbonyls, 160 methacrolein, and methyl vinyl ketone) and from there to glyoxal and methylglyoxal. 161
Immediate aerosol precursors from the isoprene + OH oxidation cascade are identified in 162 and methylglyoxal. Glyoxal and methylglyoxal are also produced from the ISOPO 2 + RO 2 and 168 ISOPO 2 isomerization channels. 169
Ozonolysis and oxidation by NO 3 are additional minor isoprene reaction pathways (Fig.  170 2). The NO 3 oxidation pathway is a potentially important source of isoprene SOA at night 171 
(1). 183
184
Here α is the mass accommodation coefficient (taken as 0.1 for all immediate SOA precursors in 185 Fig. 2) , ω is the mean gas-phase molecular speed (cm s -1 ), r is the aqueous particle radius (cm), R 186 is the universal gas constant (0.08206 Henry's law constants: H * = 3.7 × 10 3 M atm -1 for methylglyoxal (Tan et al., 2010 ) and H * = 2.7 217 × 10 7 M atm -1 for glyoxal (Sumner et al., 2014) . The resulting uptake of methylglyoxal is very 218 slow and makes a negligible contribution to isoprene SOA. 219
The aerosol precursors C 5 -LVOC from ISOPOOH oxidation and NT-ISOPN from 220 isoprene reaction with NO 3 have low volatility and are assumed to condense to aerosols with a γ 221 of 0.1 limited by mass accommodation. 222 Table 1 gives input variables used to calculate γ for IEPOX, ISOPN, and DHDN by Eq. 223
(1) and (2). Table 2 lists average values of γ for all immediate aerosol precursors in the Southeast 224 US boundary layer in summer as simulated by GEOS-Chem (Section 3). γ for IEPOX is a strong 225 function of pH and increases linearly from 1 × 10 -4 to 1 × 10 -2 as pH decreases from 3 to 0. We 226 obtain values of γ for MEPOX by reducing IEPOX γ by a factor of 30 when the aerosol is acidic 227 (pH < 4), due to slower acid-catalyzed ring opening (Piletic et Our OA simulation differs in several ways from that of Kim et al. (2015) . They assumed 253 a fixed 3% yield of isoprene SOA. The aqueous-phase mechanism coupled to gas-phase isoprene 254 chemistry described in Section 2, replacing the semivolatile reversible partitioning scheme of 255 aerosol is fully neutralized by ammonia (Guo et al., 2015) . 269
The rate of gas uptake by the aqueous aerosol is computed with the pseudo-first order 270 reaction rate constant k het (s -1 ) (Schwartz, 1986; Jacob, 2000) : 271
where D g is the gas-phase diffusion constant (taken to be 0.1 cm 2 s -1 ) and n(r) is the number size 275 distribution of aqueous aerosol (cm -4 ). We take n(r) to be the size distribution of sulfate aerosol, 276 making the assumption that all aqueous particles would contain some sulfate. Clear-sky RH in 277 the Southeast US boundary layer during SEAC 4 RS averaged 72 ± 17%, sufficiently high that 278 sulfate aerosol is expected to be aqueous under all conditions (Wang et al., 2008) . . We compute n(r) locally in GEOS-Chem by taking 284 the dry SNA mass concentration, converting from mass to volume with a dry aerosol mass 285 density of 1700 kg m -3 (Hess et al., 1998) , applying the aerosol volume to the dry sulfate size 286 distribution in GADS, and then applying the GADS hygroscopic growth factors. We verified that 287 the hygroscopic growth factors from GADS agree within 10% with those computed locally from 288
ISORROPIA. 289
Figure 2 shows the mean branching ratios for isoprene oxidation in the Southeast US 290 boundary layer as calculated by GEOS-Chem. 87% of isoprene reacts with OH, 8% with ozone, 291 and 5% with NO 3 . Oxidation of isoprene by OH produces ISOPO 2 of which 51% react with NO 292 (high-NO x pathway), 35% react with HO 2 , 8% isomerize, and 6% react with other RO 2 radicals. 293
Glyoxal is an aerosol precursor common to all isoprene + OH pathways in our 294 mechanism with yields of 7 mol % from the ISOPO 2 + NO pathway, 6 mol % from ISOPO 2 + 295 HO 2 , 11 mol % from ISOPO 2 + RO 2 , and 25 mol % from ISOPO 2 isomerization. For the 296 Southeast US conditions we thus find that 44% of glyoxal is from the ISOPO 2 + NO pathway, 297 24% from ISOPO 2 + HO 2 , 8% from ISOPO 2 + RO 2 , and 24% from ISOPO 2 isomerization. 298
The mean total yield of isoprene SOA computed in GEOS-Chem for the Southeast US 299 boundary layer is 3.3%, as shown in Fig. 2 . IEPOX contributes 1.9% and glyoxal 0.9%. The low-300 NO x pathway involving ISOPO 2 reaction with HO 2 contributes 73% of the total isoprene SOA 301 yield, mostly from IEPOX, even though this pathway is only 35% of the fate of ISOPO 2 . The 302 high-NO x pathway contributes 16% of isoprene SOA, mostly from glyoxal. MEPOX 303 contribution to isoprene SOA is small (2%) and consistent with a recent laboratory study that 304 finds low SOA yields from this pathway under humid conditions (Nguyen et al., 2015b produced photochemically, and both are also removed photochemically in the gas phase by 311 reaction with OH (and photolysis for glyoxal). The mean lifetimes of IEPOX and glyoxal against 312 gas-phase photochemical loss average 1.6 and 2.3 h respectively for SEAC 4 RS daytime 313 conditions; mean lifetimes against reactive uptake by aerosol are 31 and 20 hours, respectively. 314
For both species, aerosol uptake is a minor sink competing with gas-phase photochemical loss. 315
The model boundary-layer yield of IEPOX SOA from IEPOX is 5%, consistent with average 316 yields from chamber experiments (4-10%) for aerosols with similar acidity to aerosols in the 317 Southeast US (Riedel et al., 2015) . 318
The dominance of gas-phase loss over aerosol uptake for both IEPOX and glyoxal 319 implies that isoprene SOA formation is highly sensitive to their reactive uptake probabilities γ 320 and to the aqueous aerosol mass concentration (in both cases, γ is small enough that uptake is 321 controlled by bulk aqueous-phase rather than surface reactions). We find under SEAC 4 RS 322 conditions that γ for IEPOX is mainly controlled by aerosol free acidity (k H+ [H + ] in Eq. (2)), with 323 little contribution from nucleophile-driven and HSO 4 --driven channels. This will be discussed 324 below in comparing to SOAS and SEAC 4 RS observations. 325
The 3.3% mean yield of isoprene SOA from our mechanism is consistent with the fixed 326 yield of 3% assumed by Kim et al. (2015) in their GEOS-Chem simulation of the SEAC 4 RS 327 period, including extensive comparisons to OA observations that showed a 40% mean 328 contribution of isoprene to total OA. We conducted a sensitivity simulation using the default 329 observations are found with column HCHO measured from OMI (Fig. 3, right) . 349
Also shown in Fig. 3 The model reproduces the observations without bias, supporting the conclusion that IEPOX is 370 the dominant contributor to isoprene SOA in the Southeast US (Fig. 2) . Low values on July 2-7, 371 both in the observations and the model, are due to low temperatures suppressing isoprene 372 emission. 373 Figure 5 shows Correlation between IEPOX SOA and sulfate is also apparent in the spatial distribution of 396 IEPOX SOA, as observed by the SEAC 4 RS aircraft below 2 km and simulated by GEOS-Chem 397 along the aircraft flight tracks (Fig. 6) . The correlation between simulated and observed IEPOX 398 SOA in Fig. 6 as a regional mean. With IEPOX SOA accounting for 58% of isoprene SOA in the model (Fig.  412 2), this amounts to a 48-55% contribution of isoprene to total OA. Kim et al. (2015) previously 413 estimated a 40% contribution of isoprene to total OA. 414 415
Effect of Anthropogenic Emission Reductions 416
The EPA projects that US anthropogenic emissions of NO x and SO 2 will decrease 417 respectively by 34% and 48% from 2013 to 2025 (EPA, 2014). We conducted a GEOS-Chem 418 sensitivity simulation to examine the effect of these changes on isoprene SOA, assuming no 419 other changes and further assuming that the emission decreases are uniform across the US. 420 Figure 7 shows the individual and combined effects of NO x and SO 2 emission reductions 421 on the branching pathways for isoprene oxidation, sulfate mass concentration, aerosol pH, and 422 isoprene SOA in the Southeast US boundary layer in summer. Reducing NO x emission by 34% 423 decreases the mean NO concentration by only 23%, in part because decreasing OH increases the 424 NO x lifetime and in part because decreasing ozone increases the NO/NO 2 ratio. There is no 425 change in HO 2 . We find a 10% decrease in the high-NO x pathway and a 6% increase in the low-426 emissions decreases sulfate and isoprene SOA with similar effectiveness (Fig. 7) . With sulfate 437 contributing ~30% of present-day PM 2.5 in the Southeast US and isoprene SOA contributing 438 25% (Kim et al., 2015) , this represents a factor of 2 co-benefit on PM 2.5 from reducing SO 2 439
emissions. 440
Summertime OA and sulfate concentrations in the Southeast declined from 2003 to 2013 441 at rates of 3.9% a -1 and 7.4% a -1 , respectively, while wintertime OA showed no significant 442 decrease (Kim et al., 2015) . With isoprene accounting for 40% of OA in summer (Kim et al., 443 2015) , and assuming no trend in other OA components on the basis of the wintertime data, we 444 would infer a rate of isoprene SOA decrease of 9.8% a -1 . The observed trends thus seem to 445 support a similar relative rate of decrease of sulfate and isoprene SOA over the past decade. 446 447
Conclusions 448
Standard mechanisms for formation of isoprene secondary organic aerosol (SOA) in 449 chemical transport models assume reversible partitioning of isoprene oxidation products to pre-450 existing dry OA. This may be appropriate for dry conditions in experimental chambers but not 451 for typical atmospheric conditions where the aerosol is mostly aqueous. Here we developed an 452 aqueous-phase reactive uptake mechanism coupled to a detailed gas-phase isoprene chemistry 453 mechanism to describe the irreversible uptake of water-soluble isoprene oxidation products to 454 aqueous aerosol. We applied this mechanism in the GEOS-Chem chemical transport model to 455 simulate surface (SOAS) and aircraft (SEAC 4 RS) observations over the Southeast US in summer 456
457
Our mechanism includes different channels for isoprene SOA formation by the high-NO x 458 pathway, when the isoprene peroxy radicals (ISOPO 2 ) react with NO, and in the low-NO x 459 pathway where they react mostly with HO 2 . The main SOA precursors are found to be isoprene 460 epoxide (IEPOX) in the low-NO x pathway and glyoxal in the high-and low-NO x pathways. Both 461 of these precursors have dominant gas-phase photochemical sinks, and so their uptake by 462 aqueous aerosol is nearly proportional to the reactive uptake coefficient γ and to the aqueous 463 aerosol mass concentration. The γ for IEPOX is mostly determined by the rate of H + -catalyzed 464 ring opening in the aqueous phase. 465
Application of our mechanism to the Southeast US indicates a mean isoprene SOA yield 466 of 3.3% on a mass basis. By contrast, a conventional mechanism based on reversible uptake of 467 semivolatile isoprene oxidation products yields only 1.1%. Simulation of the observed 468 relationship of OA with formaldehyde (HCHO) provides support for our higher yield. We find 469 that the low-NO x pathway is 5 times more efficient than the high-NO x pathway for isoprene SOA 470 production. Under Southeast US conditions, IEPOX and glyoxal account respectively for 58% 471 and 28% of isoprene SOA. 472
Our model simulates well the observations and variability of IEPOX SOA at the surface 473 and from aircraft. The observations show a strong correlation with sulfate that we reproduce in 474 the model. This correlation was previously attributed to acid-catalyzed nucleophilic addition of 475 sulfate as mechanism for IEPOX SOA formation but we find in the model that this pathway is 476 minor. We find instead that the correlation of IEPOX SOA with sulfate is due to the effect of 477 sulfate on aerosol pH and volume concentration, increasing IEPOX uptake by the H + -catalyzed 478 ring-opening mechanism. Low concentrations of sulfate are associated with very low IEPOX 479 SOA, both in the observations and the model, and we attribute this to the compounding effects of 480 low sulfate on aerosol [H + ] and on aerosol volume. 481
The US EPA has projected that US NO x and SO 2 emissions will decrease by 34 and 48% 482 respectively from 2013 to 2025. We find in our model that the NO x reduction will increase 483 isoprene SOA by 7%, reflecting greater importance of the low-NO x pathway. The SO 2 reduction 484 will decrease isoprene SOA by 35%, due to decreases in both aerosol [H + ] and volume 485 concentration. The combined effect of these two changes is to decrease isoprene SOA by 32%, 486 corresponding to a decrease in the isoprene SOA mass yield from 3.3% to 2.3%. Decreasing SO 2 487 emissions by 48% has similar relative effects on sulfate (36%) and isoprene SOA (35%). 488
Considering that sulfate presently accounts for about 30% of PM 2.5 in the Southeast US in 489 summer, while isoprene SOA contributes 25%, we conclude that decreasing isoprene SOA 490 represents a factor of 2 co-benefit when reducing SO 2 emissions. 
946
is defined as the probability that a gas molecule colliding with an aqueous aerosol particle will be taken 947 up and react in the aqueous phase to form non-volatile products. Branching ratios and SOA yields (aerosol mass produced per unit mass isoprene reacted) are 974 mean values from our GEOS-Chem simulation for the Southeast US boundary layer in summer. 975
The total SOA yield from isoprene oxidation is 3.3% and the values shown below the dashed 976 boxes indicate the contributions from the different immediate precursors adding up to 3.3%. 977
Contributions of high-and low-NO x isoprene oxidation pathways to glyoxal are indicated. 
